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SUMMARY 


A f l a t - p l a t e ,  constant-lead h e l i c a l  inducer with an 8 4 O  t i p  angle w a s  
t e s t e d  i n  the Lewis water tunnel. The inducer w a s  t es ted  i n  cold water over 
a range of flow r a t e s  at various net pos i t ive  suction heads. Both the overa l l  
performance and the r a d i a l  d i s t r ibu t ions  of flow parameters were observed. The 
r a d i a l  d i s t r ibu t ions  describe the type of flow pa t te rns  occurring across the 
ro tor  and show the r a d i a l  var ia t ion  of flow conditions t h a t  a succeeding pump 
stage must accept. The 'va l id i ty  of the  simple r a d i a l  equilibrium assumption 
over a range of flow conditions i s  ver i f ied .  

The performance of t h i s  8 4 O  h e l i c a l  inducer i s  compared with the perfor
mance of similar inducers with t i p  he l ix  angles of 780 and 80.60. A given 
percentage decrease i n  performance from the noncavitating l e v e l  i s  achieved a t  
decreasing values of cavi ta t ion  number as t h e  blade t i p  he l ix  angle is  in
creased. Obtaining lower cavi ta t ion numbers through the use of higher he l ix  
angle blading, however, does not necessarily mean obtaining increased suction 
specif ic  speeds. 

INTRODUCTION 

The cavi ta t ing inducer i s  commonly used t o  increase the suction spec i f ic  
speed of pumps for  miss i le  appl icat ion and thus t o  reduce pump weight and s i z e ,  
One type of inducer, the  f l a t - p l a t e  hel ix ,  w a s  se lected as a convenient t e s t  
vehicle t o  study cavi ta t ion  phenomena. While a la rge  amount of information on 
the h e l i c a l  inducer e x i s t s ,  most invest igat ions a re  directed toward measure
ments of overal l  performance t h a t  were supplemented by photographs and v i s u a l  
observations of cavi ta t ion  phenomena. 

I n  t h i s  study, several  t y p i c a l  inducers were selected and r a d i a l  d i s t r i 
butions of pressure and ve loc i ty  at the  r o t o r  i n l e t  aad out le t  were obtained 
i n  addition t o  overa l l  performance and v i s u a l  observations. These da ta  provide 
fur ther  ins ight  i n t o  the flow through the  inducer and the l imi ta t ions  on i t s  



operating range; the  r a d i a l  d i s t r i b u t i o n  of ve loc i ty  diagrams and pressures 
t h a t  a succeeding blade row must accept axe also shown. References 1and 2 re
por t  performance d e t a i l s  f o r  h e l i c a l  inducers w i t h  t i p  angles of 7 8 O  and 80.60, 
respect ively.  

T h i s  repor t  presents  t he  overa l l  and de ta i l ed  performance f o r  a range of 
i n l e t  pressures of a f l a t - p l a t e  h e l i c a l  inducer of constant lead  with an 84O 
blade angle at  the  t i p .  The ove ra l l  performance results of t he  84O he l ix  angle 
inducer reported herein combined with t h e  r e s u l t s  of references 1 and 2 cover a 
s ign i f i can t  por t ion  of t h e  p r a c t i c a l  range of inducer operation. Trends of cav
i t a t i o n  similarity parameters with he l ix  angle f o r  inducers with t h i s  type blad
ing  a re  indicated.  

APPARATUS AND PROCEDURE 

The t e s t  rotor w a s  a three-bladed, constant-lead-, h e l i c a l  inducer with a 
t i p  angle of 84O (defined as the  angle between the  blade meanline and the  a x i a l  
d i r ec t ion ) .  It had a constant t i p  diameter of 4.986 inches and a hub-to-tip 
r a t i o  of approximately 0.5. The de ta i l ed  geometric fea tures  of t he  ro to r  a re  
presented i n  t ab le  I. A photograph of t he  rotor i s  shown i n  f igure  1. 

The rotor w a s  machined from 400 s e r i e s  s t a i n l e s s  s t ee l .  Both leading and 
t r a i l i n g  edges were sharpened to a wedge shape symmetrical about t he  blade cen
t e r l i n e  . 

The inves t iga t ion  w a s  conducted i n  the  Lewis water tunnel,  which i s  shown 
i n  f igure  2. Since t h e  t e s t  f a c i l i t y ,  apparatus, and procedures t h a t  were used 
a re  iden t i ca l  t o  those given i n  reference 1, they will not  be discussed i n  
d e t a i l  i n  t h i s  report .  The t e s t  f l u i d  w a s  80° F water with an a i r  content of 

TABLE I. - G M ) " R Y  OF 84' HELICAL INDUCER 

Rotor t i p  diameter (constant) ,  in. 4.986 
Rotor hub diameter (constant) ,  in.  2.47% 
Hub-t i p  rat i o  0.497 
Number of blades 3 
Axial length, in. 1.637 
Peripheral  extent of each blade,  de@ 360 
Radial t i p  clearance, in. 
Tip clearance rat io, 

t i p  clearance/blade height 
Tip chord length, in.  
Hub chord length, in .  
Sol id i ty  a t  t i p  
S o l i d i t y  at hub 
Blade t i p  thickness, in. 

Blade hub thickness,  in. 
Length of  t i p  leading edge wedge 

fair ing,  in. 
Length of hub leading edge wedge 

fa i r ing ,  in. 

0.025 

0.020 


15.75 

7.955 

3.016 

3.066 

0.067 


Linear 
.aria t  ion 
0.100 

1.00 

1.50 


l e s s  than 3 pa r t s  per mil l ion by 
weight. Figure 3 i s  a photograph of 
the  t e s t  sec t ion  and associated 

%? C-69534 

Figure 1. - Helical inducer with 84" tip angle. 
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Heat exchanger 

I- Pressure
control l ing 

Test s e c t i o n a  accumulator 

~ l f requency a-c motor r i j  
Figure 2. - T e s t  facility. 

(a) Total-pressure claw. (b) Static-pressu r e  wedge. 
Figure 3. - Rotor test section and location of 

instrumentation. Figure 4. - Probes. 

instrumentation. Total pressures, static pressures, and fluid angles were 

measured at seven radial positions, approximately 1 inch upstream of the rotor 

inlet and 1 inch downstream of the rotor exit. Photographs of the total-

pressure and yaw probe and the static-pressure probe are shown in figures 

4(a) and (b), respectively. Calibration of the static-pressure probes and 

setting of the zero angles on both types of probes were accomplished in a 

low-speed air tunnel. Flow rate was calculated from pressure measurements 

across a Venturi flowmeter. All data were recorded by using transducers and 

an automatic digital potentiometer. 
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TABLE 11. - ESTIMATED MAXIMUM INSTRUMENTATION ERRORS 

I n l e t  t o t  a1 pressure,  
lb/sq in .  gage 

In le t  dynamic ve loc i ty  head, 
lb/sq in .  

Head r i s e  across inducer, 
lb/sq in .  

Outlet dynamic ve loc i ty  head, 
lb/sq in.  

Fluid angle, deg 
Venturi flow reading, percent 
Rotor speed, percent 
Radial posi t ion of probes 

Error Operating 
range 

0.1 -20 t o  2 0  

0.25 0 t o  50 

1.5 0 t o  300 

0.25 0 t o  50 

0.5 -20 t o  120 
2 t o  4 

0.2 
1 percent 

A l l  t e s t s  were con
ducted at a r o t a t i v e  speed 
of 10,000 rpm. Data 
points  were selected t o  
cover the  complete flow 
range a t  four i n l e t  pres
sures.  The limits were 
s e t  by t h e  open t h r o t t l e  
posi t ion,  and at low 
flows by pressure f l u c 
tua t ions  t h a t  l ead  t o  
excessive system vibra
t i o n s .  

I n  addition t o  the 
performance data,  photo
graphs of the  impeller 
operating with cavi ta t ion  

were taken on 70-millimeter f i l m  i n  conjunction with a very short  duration 
f lash,  which stopped the  motion of the  blades.  The d i f f e r e n t  forms and degrees 
of cavi ta t ion within the  ro tor  were observed at t h e  various inducer operating 
points .  
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(b)Outlet flow. 

Figure 5. -Comparison of integrated flow with flow measured by Ventur i  meter. 
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The estimated maximum 
measurement e r r o r s  due t o  
instrumentation a r e  sum
marized i n  t a b l e  11. These 
e r r o r s  a re  inherent i n  the 
measuring devices and do 
not include the  effec'cs on 
the  response of the  mea
suring devices due t o  ad
verse flow conditions, such 
as reverse-flow regions, 
unsteady operation, circum
f e r e n t i a l  and/or r a d i a l  
veloci ty  gradients,  and 
cavi ta t ion  on the probes. 

Figures 5(a) and (b)  
present a comparison be
tween the integrated weight 
flow at  the r o t o r - i n l e t  and 
ro tor -out le t  measuring 
s t a t i o n s  and the  flow 
measured by the  Venturi 
meter. Thus they serve as 
a check on the r e l i a b i l i t y  
of the ve loc i ty  diagram 
da ta  used t o  calculate  the 
inducer performance param-
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e t e r s .  A t  the  ro tor  i n l e t  the integrated flows agree qui te  favorably with the  
measured Venturi flows, most comparisons being within 3 percent. The agreement 
a t  the  o u t l e t  measuring s t a t i o n  i s  also reasonably good, most comparisons being 
within 8 percent. It should be noted that the integrated weight flow i s  always 
grea te r  than the measured flow at  this o u t l e t  s t a t i o n .  

The equations defining the parameters used t o  describe the  inducer per
formance a re  presented i n  appendix B .  (Symbols are  defined i n  appendix A ) .  
The blade-element parameters, calculated from probe measurements a t  seven se
l e c t e d  radial posi t ions,  give a complete descr ipt ion of the flow f i e l d  as it 
var ies  with radius.  The overal l  parameters a re  obtained by an in tegra t ion  of 
the flow conditions over the e n t i r e  flow annulus. Reference 2 gives a de ta i led  
discussion of the  parameters used. I n  a l l  cases axisymmetric flow i s  assumed. 

RESULTS AND DISCUSSIOI? 

The i n i t i a l  s t e p  i n  an invest igat ion of t h i s  type i s  t o  determine the  mini
mum i n l e t  pressure a t  which the measured performance i s  not affected by cavi
t a t i o n .  Operation above and below t h i s  pressure i s  then defined as noncavitat
ing and cavi ta t ing,  respect ively.  
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L
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J
1.085 


.055 

Average flow coefficient, 

Figure 6. - Overall noncavitating performance. Net positive suction 
head, 70 feet. 

Noncavi ta t ing  performance 

For t h i s  invest igat ion 
70 f e e t  w a s  se lected as the ne t  
pos i t ive  suction head (Hsv) a t  
which t o  obtain noncavitating 
performance. This value i s  wel l  
above the l e v e l  a t  which the  
f i r s t  e f f e c t s  of reduced i n l e t  
pressure on measured performance 
were noted. A t  the  ro tor  speed 
and Hs, tha t  were used, the  
cavi ta t ion  number k w a s  ap
proximately 0.09. Photographs 
of the  flow a t  t h i s  pressure 
showed t h a t  there  w a s  some 
cavi ta t ion  occurring both i n  
t h e  t i p  vortex and on t h e  blade 
surface. (The designation non
cavi ta t ing  i s  meant t o  r e f e r  
only t o  measured performance.) 

Overall performance. The 
overa l l  (mass-averaged) perfor
mance of the inducer under non
cavi ta t ing  conditions i s  pre
sented i n  f igure  6 .  The p l o t  of 
head coef f ic ien t  against  flow 
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coef f ic ien t  i s  typ ica l  f o r  
ax ia l  flow inducers. The 
e f f ic iency  (eq. (B18) )  has 
a maximum value of 82.6 per
cent a t  the  lowest flow co
e f f i c i e n t  (cp = 0.059) and 
consis tent ly  decreases i n  
value as the  flow coef f ic i 
en t  i s  increased. The- -
quant i ty  Ifi - If i s  includ
ed as a measure of the  over
all losses .  A s  t h e  l o s s e s  
tend t o  decrease s l i g h t l y  
as flow coeff ic ient  i s  i n 
creased, the la rge  changes 
i n  eff ic iency with flow co
e f f i c i e n t  must be due t o  
changes i n  energy addition. 

I n l e t  conditions. -
Figure 7 shows the  r a d i a l  
var ia t ions  of selected i n l e t  
parameters a t  f i v e  flow 
r a t e s  t h a t  cover the  range 
of noncavitating operation: 
(1)flow coeff ic ient  cp lJ

1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5 ( 2 )  cavi ta t ion number k,
Radius, in, (3) t o t a l  head H l J  and 

Figure 7. - Radial distr ibution of in let  flow parameters. Net positive suction ( 4 )  f l u i d  angle p 1 .  From 
head, 70 feet. maximum flow (6= 0.082) t o  

a flow coeff ic ient  of about 
0.065, the  r a d i a l  d i s t r i b u t i o n s  of flow display s i m i l a r  gradients of i n l e t  flow 
coeff ic ient ,  the  l e v e l  r e f l e c t i n g  t h e  change i n  flow. Below an average flow 
coeff ic ient  of 0.065 the  r a d i a l  gradient of flow coef f ic ien t  begins t o  increase,  
and as flow i s  fur ther  reduced, the gradient increases very rapidly,  the flow 
coeff ic ient  i n  the t i p  region going t o  zero. T h i s  l a t t e r  condition ind ica tes  
t h e  formation of a reverse-flow region, or eddy, a t  t h e  t i p .  Two fac tors  t h a t  
may contribute t o  t h i s  eddy formation a re '  

(1)Streamline curvature through the ro tor  with i t s  attendant equilibrium 
requirements; accompanying the  eddy formation i n  the i n l e t  t i p  region 
are  s imilar  eddy formations on the  hub region a t  the  blade out le t ;  
flow s h i f t s  r e s u l t  i n  streamlines curving away from the  hub 

( 2 )  Blade t i p  clearance flows t h a t  combine with the  through flows t o  form 
a vortex, whose extent and locat ion i s  made v i s i b l e  through cavi ta t ion  
i n  the vortex core 

Thus, a t  l e a s t  two contributing fac tors  f o r  the eddy formation can be i d e n t i 
f i e d .  Data obtained i n  and close t o  a reverse flow region generally prove un
r e l i a b l e ,  and care must be exercised i n  any in te rpre ta t ion .  
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Average flow coefficient 0.81 
Average head-rise coefficient 0.015 

0.071 
0.077 

0.062 
0.136 


Figure 8. - Flow at h igh  net positive suction head. Tip vortex increases as flow coefficient decreases. 

Both i n l e t  t o t a l  head and absolute f l u i d  angles remain e s sen t i a l ly  con
s t an t  across the  passage (except for  a s l i g h t  influence of outer-casing bound
ary layer  on the  t o t a l  head) u n t i l  the  eddy region occurs. 

The loca t ion  of t he  t i p  vortex at three flow coef f ic ien ts  can be oijserved 
i n  f igure  8. Although these photographs a re  taken a t  t h e  noncavitating H 
of 70 f e e t ,  enough cavi ta t ion  i s  present t o  make the  t i p  vortex v i s i b l e .  ??he 
designation noncavitating merely means t h a t  th is  s m a l l  amount of cavi ta t ion  
does not a f f e c t  t he  measured perfogaance.) Values of average flow coef f ic ien t  
@, average head-rise coef f ic ien t  \Ir, and net  pos i t ive  suction head Hsv a re  
included on these  and subsequent photographs t o  r e l a t e  observations on these 
photographs t o  measured performance l e v e l s  and loca t ion  on the  overa l l  perfor
mance map. I n  general ,  maintaining a constant net pos i t ive  suction head while 
flow i s  varied from the  open t h r o t t l e  posi t ion t o  some lower value of flow 
(d i r ec t ion  of increased blade loading) r e s u l t s  i n  increased cavi ta t ion  i n  the  
t i p  vortex region. Thus, f igure  8 shows the  cavi ta t ing  t i p  vortex enlarging 
and moving increasing dis tances  away from the  blade surface and i n t o  the  i n l e t  
passage as the  flow coef f ic ien t  i s  decreased. 

Outlet  conditions.  - Figure 9 presents the  r a d i a l  d i s t r ibu t ions  of the  out
l e t  parameters a t  t h e  same flow r a t e s  at which the  i n l e t  parameters were pre
sented. The t rends observed here a re  similar t o  those observed i n  references 1 
and 2 for  7 8 O  and 80.60 inducers; hence, the  ensuing discussion may be regarded 
as applying t o  the  f l a t - p l a t e  h e l i c a l  inducer i n  general .  

Inherently,  t he  f l a t - p l a t e  inducer transmits a r a d i a l  gradient  of energy 
addi t ion (92) to t he  f l u i d .  This can be demonstrated by ca lcu la t ing  r a d i a l  
gradients  of energy addi t ion and the  ou t l e t  flow coef f ic ien t  with assumptions 
of per fec t  guidance by t h e  blades and no losses  ( r e f .  3 ) .  I n  r e a l  flow, of 
course, the  energy addi t ion  i s  affected by deviat ion angle, blade flow losses ,  
and a x i a l  ve loc i ty .  

Figure 9 shows that  over the  upper half of t he  blade height t he  gradient 
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Figure 9. - Radial distr ibution of outlet flow parameters. 
head, 70 feet. 

of energy addi t ion i s  .very 
steep, while from the  hub 
t o  t h e  mean blade height 
the  gradients  a re  rela
t i v e l y  s m a l l .  The gradi
en ts  over this l a t t e r  por
t i o n  of the  blade height 
more closely approximate 
the gradients  obtained 
from per fec t  guidance, no-
los s  calculat ions.  

I n  any i n t e r p r e t a t i o n  
of the  deviation angle r e 
sults shown herein, it 
should be kept i n  mind 
t h a t  t h e  indicated devi
a t ion  angles, taken from 
measurements 1 inch down
stream of t h e  blade t r a i l 
ing edge, may d i f f e r  from 
t h e  t r u e  deviation angles 
occurring a t  the  t r a i l i n g  

I I
1 1 	 edge. I n  normal compressor 

pract ice ,  the  difference i s  
neglected, but a consider
able difference can r e s u l t  
from la rge  r a d i a l  flows 
occurring between the  
t r a i l i n g  edge. and the out
l e t  measuring s t a t i o n .  
T h i s  condition i s  t y p i c a l  
f o r  inducer operation a t  
a l l  bu t  the  highest  flow 
coef f ic ien ts .  

The indicated devi
a t ion  angles, i n  general, 
decrease i n  value from hub 
t o  t i p ,  negative values

2.0 2.5 	 being computed i n  t h e  t i p  
regions.  Similar r e s u l t s  

Net positive suction 	 were reported i n  r e f e r 
ences 1 and 2 f o r  78O and 
80.6O f l a t  -plate  h e l i c a l  

inducers. Reference 1 presents a simple ca lcu la t ion  t h a t  r e l a t e s  the  veloci ty  
diagram exis t ing  at t h e  t r a i l i n g  edge t o  the measured ve loc i ty  diagram i f  the 
change i n  streamline radius between the  t r a i l i n g  edge and the  measuring s t a t i o n  
i s  known. Because t h i s  cannot be determined from the  measured data,  the  calcu
l a t i o n  gives only an estimate of the t r u e  deviation angle. The calculat ion 
shows, however, t h a t  r e l a t i v e l y  s m a l l  changes i n  radius  f o r  the  streamlines i n  
the  t i p  region would r e s u l t  i n  differences between t h e  t r u e  deviation angles 
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and the  indicated angles la rge  enough t o  eliminate the  negative values. O f  
course, t h e  influence of some other flow phenomenon, f o r  instance, t h e  e f f e c t s  
o f  t h e  outer casing w a l l s  on t h i s  type of flow, cannot be e n t i r e l y  eliminated. 

-
The radial d i s t r i b u t i o n  of l o s s  coef f ic ien t  LU i n  f igure  9 shows t h a t ,  i n  

general, t h e  trends were similar a t  all flows, a r e l a t i v e l y  low or zero value 
a t  the  hub increasing s l i g h t l y  t o  the midpassage region and then increasing 
sharply from the  midpassage t o  the t i p  region. Analysis of the flow losses  
across the  h e l i c a l  inducer has proven very complicated and must a w a i t  a b e t t e r  
understanding of other flow phenomena, f o r  instance, secondary flow. A t  pre
sent ,  the  following comments can be made: 

(1)The t rend of loss  coeff ic ient  with radius noted previously i s  similar 
t o  t h a t  observed f o r  h e l i c a l  bladed inducers with d i f f e r e n t  he l ix  angles ( r e f s .  
1 and 2 ) .  

( 2 )  The extremely low value of loss  measured i n  the hub region and the  
s teep gradient of loss  from midspan t o  the  t i p  region a r e  interpreted as an i n 
dicat ion of the importance of secondary flow losses ,  r a d i a l  t ransport  of blade-
surface boundary layer ,  t ip-clearance flow losses ,  e t c .  i n  t h i s  type of pump 
r o t o r .  

The radial d i s t r i b u t i o n s  of a x i a l  veloci ty  r e f l e c t  the requirements of 
r a d i a l  equilibrium and cont inui ty .  The general t rend i s  f o r  an increasing 
a x i a l  veloci ty  with radius  and an increasing gradient as flow i s  reduced. A 
flow i s  f i n a l l y  reached where the a x i a l  ve loc i ty  at the  hub i s  reduced t o  zero 
and a reverse-flow region, or eddy, i s  formed. A t  a fur ther  reduction i n  flow, 
excessive pressure f luctuat ions,  or iginat ing i n  the  ro tor  and evidenced as r i g  
vibrat ions,  a re  encountered. 

The measured head-rise coeff ic ient ,  resu l t ing  from t h e  energy addition and 
l o s s ,  increases from hub t o  t i p  at all flows. A s  flow i s  reduced, the gradient 
i s  increased. This t rend  i s  typ ica l  f o r  h e l i c a l  inducers and i s  noted i n  simi
lar  t e s t s  reported i n  references 1 and 2 .  

A s t a t i c  head-rise coeff ic ient  $s i s  included among the blade element 
parameters because the addition of s t a t i c  pressure' i s  the bas ic  function of the  
inducer. T h i s  addi t ional  s ta t ic-pressure head i s  needed t o  suppress cavi ta t ion 
i n  blade rows behind the inducer. The s t a t i c  head-rise d is t r ibu t ions  follow 
the trends of the  t o t a l  head r i s e  but  w i t h  smaller var ia t ions  from hub t o  t i p .  

The r a d i a l  var ia t ions  of eff ic iency are ,  i n  general, the  inverse of the  
l o s s  var ia t ions  with sharp decreases from t h e  midpassage t o  the  t i p  region. 
The change of eff ic iency f o r  the d i f f e r e n t  flows r e f l e c t s  the e f f e c t s  of both 
losses  and energy input. 

From f igures  6 and 9, f o r  t h i s  84O inducer-only,- there  i s  an apparent d i s 
crepancy between the  o v e r d l  loss  coef f ic ien t  9i - 9, which increases s l i g h t l y  
as the  overa l l  flow coef f ic ien t  decreases, and the  blade-element l o s s  coef f ic i 
en ts  z,which decrease at  all r a d i i  when t h e  overa l l  flow coeff ic ient  i s  de
creased. A t  the  low flows, a grea te r  p a r t  of the  flow i s  i n  the high-loss t i p  
region, so t h a t  the  m a s s  average of loss coef f ic ien t  can increase even though 
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t he  individual values of l o s s  coef f ic ien t  decrease. 

Cavitation Performance 

To t e s t  t h e  e f f ec t s  of cav i ta t ion  on the  measured performance, th ree  i n l e t  
pressures were selected a t  which the  inducer performance w a s  measured over a 
range of flow coef f ic ien ts .  These i n l e t  pressures cover the  normal operating 
range of the  inducer, i n  which a considerable dropoff of t he  head-rise eo
e f f i c i e n t  from i t s  noncavitating value has taken place.  

Photographs of t he  cavita-tion a t  the  three i n l e t  pressures are  shown i n  
f igure  10 .  They depict  the  growth of cavi ta t ion  as Hsv i s  reduced while 
i n l e t  flow geometry i s  maintained (approximately the same i n l e t  flow coef f ic i 
e n t ) .  I n  general, it has been shown t h a t  the pump-inducer head r i s e  begins to 
f a l l  off  when the  blade-surface cavi ta t ion  extends past  t he  leading edge of the  
adjacent blade.  At the i n l e t  flow coef f ic ien t  of 0.064, the  noncavitating 
head-rise coef f ic ien t  i s  0.125; thus,  some decrease i n  head r i s e  has occurred 
a t  all E,, values shown. The photographs show that, at  a l l  Hsv values, both 
blade-surface and t ip-vortex cavi ta t ion  are  occurring, and both extend increased 
dis tances  along the  blade passage as Hs, i s  lowered. I n  all cases the  t i p -
vortex cavi ta t ion  extends past  t he  leading edge of the  adjacent blade.  The 
extent of the  blade-surface cavi ta t ion  i s  usual ly  s l i g h t l y  l e s s  than the more 
c l ea r ly  v i s i b l e  t ip-vortex cavi ta t ion .  

Overall performance. - The noncavitating charac te r i s t ics  plus  the perform
ance curves of the  inducer a t  three  i n l e t  pressures i n  the  cavi ta t ing  regime 
are  presented i n  f igure  11. The performance parameters include mass-averaged 
values of head-rise coef f ic ien t ,  eff ic iency,  and net  pos i t ive  suction head, 
along with an average value of flow coeff ic ient  based on measured Venturi flow 
and the  blade-row-inlet geometric flow area.  The cavi ta t ing  performance l i e s  
i n  the  suct ion spec i f i c  speed range of 23,000 t o  26,000. For the  values of 
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1.0 	 Hsv of 70.0 and 2 1 . 1  f e e t ,  t h e  
low-flow ends of the curves ter
minate where excessive pressure 

0 4 

IF o-. f luctuat ions were encountered. 
s The intermediate Hsv curves 
-E could have been extended t o  lower-V= 	 . 6  \ flows, bu t  would have shown s m a l l  a 

WB 
P 

.4  
t h e  curves t h a t  were run. A s  
usual ,  breakdown of the head pro-

3 ducing capabi l i ty  of the inducer 
due t o  cavi ta t ion  e f f e c t s  occurs 

.2 first  a t  the  highest flow coef f i -
c ien t  as i n l e t  pressure (or  Hsv)
i s  reduced. The nearly v e r t i c a l  

differences i n  performance from 

port ion of the  performance char
a c t e r i s t i c  a t  an Hsv of 2 1 . 1  
f e e t  demonstrates t h a t  cav i ta t ion  
limits the flow through the pump. 

Another method of presenting 
cavi ta t ing  da ta  i s  i n  terms of 
the  cavi ta t ion  number k .  Al
though k, s t r i c t l y  defined, i s  a 
function tha t  v a r i e s  with radius;  
t h a t  i s ,  f o r  Ve, 1 = 0, 

.065 .070 .075 .om .085 
Average flow coefficient, p 

k =  h l  - hv - h l  - hv-
Figure 11. - Overall performance. 

Vi2 u2 + v2 (1) 
- 1 
zg 2g 

-
k based on averaged values i s  of ten used and i s  defined as 

--Figure 1 2  shows the mass-averaged head-rise coeff ic ient  $’ as a function 
of k f o r  constant values of average flow coeff ic ient  (p. The d a t a  f o r  t h i s  
type of p l o t  were obtained by interpolat ing the curves of f igure  11. Because 
of the  l imi ted  number of values f o r  in le t /pressure  (Hsv) investigated,  the  
curves a r e  not precisely defined; hence, some l i b e r t y  has been taken i n  f a i r i n g  
i n  the  l i n e s ,  p a r t i c u l a r l y  i n  the  cavi ta t ion inception region (Hsv -at which 
cavi ta t ion  f irst  a f f e c t s  the l e v e l  of performance). -However, the  k where 
-cavi ta t ion  breakdown occurred or w a s  ir_nminent ( the  k where a la rge  drop i n  
@ occurred f o r  a s m a l l  reduction i n  k )  i s  reasonably wel l  defined. 

I n  f igure  13, where the head coeff ic ient  i s  normalized by d iv id ingby the  
noncavitating value a t  t h e  same flow coeff ic ient ,  all of the t e s t  points  a r e  
plot ted,  and curves covering a range of flow coef f ic ien ts  a r e  fa i red.  I n b o t h  
f igures  1 2  and 13 the cavi ta t ion  breakdown point appears t o  occur a t  a k of 
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Figure 12. - Inducer performance as funct ion of overall cavitation number. 

approximately 0.024,which for a flow coefficient of 0.066 corresponds to a suc

tion specific speed of 26,000. 


Radial distributions. - The effects of cavitation on blade element perfom
ance are shown in figures 14(a) to (d), which compare the radial distribution of

~ 

blade element parameters at the same average flow coefficient for different 
values of cavitation number. Because of the steep slope of the cp,+ curve 
(fig. ll), it was necessary to match the flow-coefficient values very closely to 
produce meaningful comparisons. In most cases, only two Hsv values could be 
matched at the same value of cp for these direct comparisons. 

From maximum flow to an inlet average flow coefficient of approximately 

Average 
flow -

coefficient,-
rp 

0.074 to 0.076
0.072 to 0.073 
0.062 to 0.070-
Below 0.062 

L L  
.02 .05 7 .08 

Overall cavltation number, k 

Figure U. - Composite of Cavitation performance. 
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0.065 the inlet-flow geometry 
does not seem to vary with 
Hsv f o r  the range of Hsv 
(or k) covered in this in
vestigation. Inlet flow 
angles remain approximately 
constant across the passage 
and vary between 0' and -5O 
over the range of inlet pres
sure covered. No particular 
significance is attached to 
this variation. At the lower 
inlet pressures, cavitation 
on the inlet probes may in
troduce some measurement 
errors. Apparently no signi
ficant prewhirl occurs. The 
radial variations of flow 

coefficient indicate that 
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Figure 14. - Radial distribution of performance parameters. 

flow geometry i s  maintained w i t h  t he  exception of s m a l l  d i f ferences noted i n  
the  t i p  region. I n  t h i s  region, the  values a re  affected by the casing boundary 
l aye r ,  as indicated by the  dropoff of i n l e t  t o t a l  head. I n  addition, as the  
i n l e t  pressure i s  reduced, increased cavi ta t ion  i n  the  t i p  vortex may a f f e c t  
t he  flows i n  t h i s  region. Total pressures a re  e s s e n t i a l l y  constant across the  
flow passage with the  exception of s l i g h t  decreases i n  the  t i p  region, probably 
due to t he  casing boundary l aye r .  

A s  flow i s  lowered below an average flow coef f ic ien t  of approximately 
0.065, as w a s  noted i n  the  sec t ion  Noncavitating Performance, t he  negative 
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Figure 14. -Continued. Radial d istr ibut ion of performance parameters. 

r a d i a l  gradient  of i n l e t  flow coef f ic ien t  with radius  increases.  The beginning 
of t h i s  trend i s  shown by the  curve f o r  i n l e t  flow coef f ic ien t  i n  f igure  14(d)  
f o r  the  noncavitating flow condition (x= 0.0894). Under cavi ta t ing  conditions 
t h i s  gradient i s  reduced and more closely resembles the normal gradient of flow 
coeff ic ient  caused by streamline curvature over t he  inlet-hub curvature. 
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Figure 14. - Concluded. Radial distribution of performance parameters. 

A s  i n l e t  pressure i s  reduced, the degree of cavi ta t ion  increases  so  t h a t  
the  inducer can no longer maintain an establ ished l e v e l  of head r i s e .  A s  
shown i n  f igures  1 4 ( a )  t o  (d ) ,  the  reduction i n  head-rise coef f ic ien t  occurs 
a t  all r a d i i  i n  a roughly proportionate amount. This l a t t e r  observation a l s o  
appl ies  t o  -the i d e a l  head-rise coef f ic ien t  and t o  the  s t a t i c  head-rise coeffi
c i e n t .  T h i s  decrease i n  i d e a l  head r i s e ,  which i s  a measure of energy addi
t i o n ,  i s  one cause of the decrease i n  head r i s e .  
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The reduced values of i d e a l  head r i s e  appear t o  be due t o  the generally 
higher deviation angles observed under cavi ta t ing  conditions as compared with 
noncavitating conditions. It should be pointed out, however, t h a t  cavi ta t ion 
blockage could give the sane e f fec ts .  Cavitation occurring at the  blade t ra i l 
ing edge but  collapsing before the  o u t l e t  measuring s t a t i o n  would give the same 
measured r e s u l t s  as an increase i n  the ac tua l  deviation angle (defined as the  
deviation angle ex is t ing  a t  t h e  blade t r a i l i n g  edge). Both cavi ta t ion blockage 
and increased deviation angles would produce a decreased i d e a l  head r i s e  and an 
increased measured deviation angle ( t h e  deviation angle computed from o u t l e t  
probe measurements). The two p o s s i b i l i t i e s  cannot be distinguished from the  
measured data .  

The e f f e c t s  of cav i ta t ion  on l o s s  coeff ic ient  do not always show.consist
ent  t rends j  however, the  general e f f e c t  i s  for  l o s s  coeff ic ient  t o  increase as 
the  degree of cavi ta t ion  increases.  Both lower energy addition and increased 
lo s s  combine t o  give lower e f f ic ienc ies .  

The e f f e c t s  of cav i ta t ion  on energy addition have been noted previously. 
Since the energy addi t ion i s  re f lec ted  at a given radius i n  the o u t l e t  tangen
tial ve loc i ty  V e Y 2 ,  reduced values of Ve r e s u l t  i n  decreases i n  the  red is 
t r ibu t ions  of axial ve loc i ty  necessary t o  i a t i s f y  r a d i a l  equilibrium. T h i s  ef
f e c t  i s  i l l u s t r a t e d  i n  f igures  1 4 ( c )  and ( d ) .  One r e s u l t  i s  t h a t  the average 
inlet-f low coef f ic ien t  at which an eddy forms i n  the hub region a t  the blade 
o u t l e t  i s  lower f o r  cavi ta t ing  conditions than f o r  noncavitating conditions. 
Also, the decrease i n  the r a d i a l  gradient of energy addition tends t o  reduce 
t h e  dropoff i n  flow coef f ic ien t  a t  the  i n l e t  t i p .  The l a t t e r  e f f e c t s  may be 
noted on the  i n l e t  d i s t r ibu t ions  shown i n  f igure  14(d) .  

R a d i a l  Equilibrium 

The following equation, commonly cal led the simple-radial-equilibrium 
equation, i s  of ten  used i n  design and analysis  systems t o  describe the flow at  
-the pump out le t :  

Figure 15 compares the measured o u t l e t  axial-velocity d i s t r i b u t i o n  with 
t h a t  computed from the  simple-radial-equilibrium equation by using experimen
t a l l y  determined values of t o t a l  pressure and f l u i d  angle and by requiring the  
resu l t ing  flow d i s t r i b u t i o n  t o  give the  o u t l e t  integrated mass-flow r a t e .  The 

two indicates  t h a t  most of the  mass-flow s h i f tclose agreement between the 
if 	 -takes place upstream of the o u t l e t  measuring s t a t i o n  and establ ishes  the  va l id

i t y  of the simple-radial-equilibrium assumption at  t h i s  axial locat ion f o r  all 
P operating conditions. 

To e s t a b l i s h  a design program requires ,  i n  addition t o  some expression of 
r a d i a l  equilibrium, some method f o r  prescribing the  losses  and deviation angles. 
A s  has been shown, mass-flow shifts and secondary flows strongly a f f e c t  the  
values of loss coef f ic ien t  and deviation angle i n  the  h e l i c a l  inducer. ( R a d i a l  
flows would tend t o  make the indicated deviation angles vary with the a x i a l  
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Figure 15. -Comparison of measured outlet axial velocity wi th axial velocity computed by simple radial-equil ibrium 
equation. 

loca t ion  of the o u t l e t  probes; closer t o  the rotor, higher deviation angles 
would probably be measured.) A b e t t e r  understanding of these phenomena i s  
required t o  allow a proper prescr ip t ion  of the parameters (u and 6 .  

Comparison of Helical  Inducer Performance a t  Three Blade Angles 

Throughout t h i s  report  considerable reference has been made t o  the s i m i 
l a r i t i e s  i n  performance t rends of the subject inducer with those of re fer 
ences 1 and 2. The following discussion fur ther  compares the performance of 
the three inducers. Pr inc ipa l  geometyic features  of the three  inducers a re  
summarized i n  t a b l e  111. Throughout the three invest igat ions,  the same t e s t  
f a c i l i t y ,  procedures, and measuring techniques were employed. 

The overa l l  performance under both cavi ta t ing and noncavitating conditions 
covered by the three invest igat ions i s  presented i n  f igure  1 6 .  While the da ta  
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T" 111. - COMPARISON O F  THREE RELICAL INDUCERS 

I Blade t i p  angle, deg 
4 ~~ 

78.0 00.6 84 
~ 

Tip diameter, in.  4.956 4.956 4.906 
Hub diameter, in. 2.470 2.470 2.470 
Number of blades -Z 3 3 
Axial length, in.  2 2 1.637 
Peripheral  extent of blades, de& 215 280 360 
Tip clearance, in. 0.03C 0.030 0.025 
Blade blockage r a t io ,  volume 0.1312 0.1463 0.1512 

occupied by b l ades / to t a l  
passage volume 

Tip s o l i d i t y  1.034 2.366 3.017 
Hub s o l i d i t y  1.937 2.447 3.060 

~ 

presented herein were obtained 
over a range of ro tor  speeds 
from 9000 t o  15,000 revolutions 
per minute, the  actual  Hsv 
values were normalized t o  a 
speed of 10,000 revolutions per 
minute according t o  the  r e l a t i o n  

The s o l i d  synibols on the  per
formance curves for each indi
vidual inducer loca te  the  oper
a t ing  conditions a t  which zero 

Solid symbols denote 
f i rst  occurrence of 
reverse- w region

i
.04 .06 .08 .10 .12 .14 .16 

Average flow coefficient, 

Figure 16. -Comparison of overall performance at three hel ix  angles. 

a x i a l  v e l o c i t i e s  a re  f irst  
observed at the hub o u t l e t  
measuring s t a t i o n  and thus 
denote the  i n i t i a l  formation 
of an eddy, or reverse-flow 
region. If operation i s  
continued t o  flow coeff ic i 
ents  below this condition, 
the  r a d i a l  height of the 
eddy increases,  along with 
noise and r i g  vibrat ions.  
Operation w a s  discontinued 
when these  vibrat ions 
threatened t o  become exces
s ive ,  but  no spec ia l  c r i 
t e r i o n  w a s  used t o  determine 
a s t a l l  or  surge point pre
c i se ly .  

I n  f igure  1 7 ,  cavita
t i o n  performance of the 
three  inducers i s  fur ther  
compared by p lo t t ing  the 
v a r i a t i o n  i n  head r i s e  (nor

malized by the noncavitating value) against  cavi ta t ion number f o r  a constant 
flow coef f ic ien t .  For t h e  comparison, a flow coef f ic ien t  f o r  each inducer w a s  
se lected t h a t  gave t h e  b e s t  cavi ta t ion performance without giving a reverse

1 

flow region a t  the  hub under noncavitating conditions. The symbols represent 
d a t a  points  at ,  or close t o ,  the  selected flow coeff ic ients .  A s  t h e  inc ip ien t  
cav i ta t ion  region i s  not defined by the  data,  no spec ia l  significance should 
be attached t o  t h e  manner i n  which t h e  curves a re  f a i r e d  i n t o  the noncavitating 
performance l e v e l .  

Comparisons of cavi ta t ion  performance a r e  generally made a t  some selected 
percentage decrease from the  noncavitating performance l e v e l .  For a complete 
pump-inducer combination a dropoff i n  head r i s e  from the  noncavitating l e v e l  of 

19 




I> 

I 

3 


0 

n 80.6 .09 
0 84 

I I 
.02 .04 .06 .07 .08 .10 

Overall cavitation number, k 
Figure 17. - Comparison of cavitation performance. 

from 2 t o  5 percent i s  generally used. For t h i s  degree of performance decrease 
i n  the complete pump, the percentage decrease i n  head r i s e  across the inducer 
alone i s  generally much greater .  Accordingly, the cavi ta t ing  inducer da ta  were 
primarily taken at  head dropoffs of 15 percent or more. 

For t h i s  region of head-rise dropoff, lower cavi ta t ion  numbers were ob
tained a t  the  higher he l ix  angles; however, t h i s  does not necessar i ly  produce 

-higher suction spec i f ic  speeds. I n  f igure  18, the d a t a  points  of f igure  1 7  a r e  
rep lo t ted  by using t h e  suction-specific-speed parameter instead of k. The 
84-oinducer has the  highest S 
below t h i s  the 80.6O inducer has 

Inducer t ip Average flow 
angle, coefficient, -de9 q 


0 78 0.125 
A 80.6 	 .095 

.065118,00016,000 I
20.000 22 

' Suction specificspeed, S 

values. only at the  
a higher suction 

24.000 00 IO 
' 

smaller head dropoffs, while 
spec i f ic  speed. The reason 
for t h i s  contrast  can be 
explained i f  the analysis  
of references 4 and 5 i s  
used. The r e l a t i o n  between 
cavi ta t ion number, flow co
e f f i c i e n t ,  and suction 
spec i f ic  speed i s  given by 

( 5 )  

From the form of t h i s  
equation i t  can be seen 
t h a t  of -the  two var iables  

and k, which both vary 
as blade angle i s  changed, 
a change i n  k has a 

Figure 18. -Comparison of suction specific speeds. 
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stronger e f f e c t  on S; however, t h e  e f f e c t  of CJ7 must a l so  be considered. If-
(p i s  var ied f o r  a given constant value of k, the  suction spec i f ic  speed w i l l  
have a maximum value at  an optimum value of average flow coeff ic ient  

4 	
and smaller values at  both l a r g e r  and smaller values of average flow cogff ic i 
en t .  For the  three  inducers tes ted ,  the values of (p were l e s s  than cpopt, 
so t h a t  decreasing (p would tend t o  decrease S. 

-
I n  general, as the  blade angle of an inducer i s  increased, both (p and k 

w i l l  decrease. The usual  r e s u l t  i s  an increase i n  S, as the  e f f e c t  of E i s  
usual ly  stronger than the  e f f e c t  of (p. For -the  84' inducer as compared with 
the  80.6O inducer, however, the  decrease i n  k i s  r e l a t i v e l y  s m a l l ,  s o  t h a t-
the  e f fec t  of (p w a s  enough t o  overshadow the usual ly 's t ronger  e f f e c t  of k .  

It should be pointed out t h a t  much higher suction spec i f ic  speeds a re  
possible at- a blade angle of 84O. - From equation ( 6 )  i t  can be seen t h a t  de
creasing k w i l l  also decrease ?opt . Thus, any decrease i n  k w i l l ,  i n  
addi t ion t o  the d i r e c t  e f f e c t  of increasing S, tend t o  a l l e v i a t e  the d e l e t e r i 
ous e f f e c t s  of the low (p value. 

It appears from these da ta  t h a t ,  i f  suct ion spec i f ic  speed i s  t o  continue 
t o  improve as flow coef f ic ien ts  f a l l-below a value of approximately 0.10, blade 
designs leading t o  lower operating k values m u s t  be employed. (This f a c t  i s-
a lso  indicated by the  analysis  of r e f .  4 . )  Lower k values may be obtained 
by cu t t ing  back t h e  leading edge of the  blade or by making the blade thinner,  
p a r t i c u l a r l y  a t  the  leading edge ( r e f .  6 ) .  Improved control of chordwise and 
spanwise loading d i s t r i b u t i o n s  may require fur ther  study. I n  addition, b e t t e r  
understanding of the  secondary flow f i e l d  and impr$ved methods of calculat ing 
flow conditions and extent of c a v i t i e s  formed i n  blade channels may allow i m 
proved predict ions of a t ta inable  suction performance i n  inducers. 

SUMMARY OF RESULTS 

The performance of a three-bladed f l a t - p l a t e  h e l i c a l  inducer with an 84O 
t i p  angle, a 5-inch diameter, and a hub-tip r a t i o  of 0.5 w a s  investigated.  
When a comparison i s  made with geometrically s i m i l a r  inducers with t i p  angles 
of 78O and 80.6O, the  same trends a r e  observed i n  a l l  three inducers, so  t h a t  

L 
 the  following statements may, unless otherwise s ta ted ,  be generally applied t o  
f l a t - p l a t e  inducers of t h i s  configuration: 

4 For noncavitating conditions 

1. For the  84O inducer, the  maximum overa l l  eff ic iency of 82.6 percent 
occurred at the  lowest average flow coef f ic ien t  obtained, 0.059. 

2 .  There w a s  an increase from hub t o  t i p  i n  the values of the  blade
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element head-rise coef f ic ien t  and i n  the r e l a t e d  parameters, i d e a l  head-rise 
coef f ic ien t  and s t a t i c  head-rise coef f ic ien t .  The r a d i a l  gradients  i n  these 
parameters increased as the  flow w a s  decreased. 

3. A s  flow w a s  reduced, r a d i a l  equilibrium requirements at the blade e x i t  
resu l ted  i n  the  formation of an eddy i n  the  hub region ( indicated by zero a x i a l  
ve loc i ty  measurements). A fur ther  reduction i n  flow resu l ted  i n  an eddy f o r 
mation i n  the  blade i n l e t  t i p  region plus  an increase i n  noise and r i g  vibra
t i o n s .  

4, A sharp increase i n  loss  coeff ic ient  from the  mean t o  the  t i p  occurred 
f o r  all operating conditions, indicat ing t h a t  the losses  associated with sec
ondary flows probably predominated over t h e  p r o f i l e  losses .  

For cavi ta t ing  conditions 

5. For the-84O inducer, cav i ta t ion  breakdown occurred at  an overa l l  cavi
t a t i o n  number k of 0.024 and a suction spec i f ic  speed of approximately 
26,000. 

6 .  I n  general, cav i ta t ion  decreased the  head-rise-producing capabi l i ty  of 
t h e  ro tor  (as indicated by the  i d e a l  head-rise coeff ic ient)  and increased both 
the loss l e v e l  and t h e  measured deviation angles. 

7. The percentage decrease of head-rise coeff ic ient ,  i d e a l  head-rise 
coef f ic ien t ,  and s t a t i c  head-rise coef f ic ien t  from the  noncavitating value w a s  
approximately the same at  all rad i i .  

8. Cavitation tended t o  reduce or t o  eliminate e n t i r e l y  the  eddies e x i s t 
ing  a t  the rotor  i n l e t  t i p  and out le t 'hub a t  t h e  same flow coef f ic ien t  under 
noncavitating conditions, a r e s u l t  of the decreased energy addition. 

9. Under a l l  flow conditions, both cavi ta t ing and noncavitating, the  close 
cor re la t ion  of the r a d i a l  d i s t r i b u t i o n  of the measured a x i a l  v e l o c i t i e s  with 
those computed when simple r a d i a l  equilibrium w a s  assumed indicated the val id
i t y  of t h i s  assumption. 

A comparison of the  performance of three s imilar  h e l i c a l  inducers with rotor-
t i p  he l ix  angles .of  78O, 80.6', and 84' indicated 

10. A given percentage performance dropoff from the noncavitating value 
occurred at lower overa l l  cav i ta t ion  numbers as the  h e l i x  angle w a s  increased. 

11. The 84' inducer did not show t h e  ant ic ipated improvement i n  suction 
spec i f ic  speed over the 80.60 inducer. A t  the  overa l l  cav i ta t ion  numbers ob
tained, lowering average flow coeff ic ient  had an adverse e f f e c t  on suction 
spec i f ic  speed, which counteracted the e f f e c t  of the  lower cavi ta t ion  numbers. 
A t  lower cavi ta t ion  numbers t h i s  adverse e f f e c t  would not occur, s o  t h a t  much 
b e t t e r  suction spec i f ic  speeds a r e  obtainable with the  84O inducer. It 
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appears t h a t  t h e  operating cavi ta t ion number becomes c r i t i c a l  below flow CO
e f f i c i e n t s  of about O. 10. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, September 29, 1964 
~ 
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APPENDIX A 


SYMBOLS 


acce lera t ion  due t o  gravi ty ,  32.17 f t / s e c  2 

t o t a l  head, f t  

head r i s e  across inducer, f t  

net  pos i t ive  suct ion head, f t  (eq. (Bl)) 

s t a t i c  head, f t  

vapor pressure, f t  

cav i ta t ion  number (eq. (B10)) c 

ro t a t ive  speed, rpm 

f l o w  r a t e ,  gal/min 

radius ,  f t  

suction spec i f i c  speed (eq. (B11)) 

ro to r  speed, f't/sec 

f l u i d  ve loc i ty ,  f t / s e c  

f l u i d  angle, angle between f l u i d  ve loc i ty  and a x i a l  direct ion,  deg 

blade angle, angle between tangent t o  blade mean camber l i n e  
and a x i a l  d i rec t ion ,  deg 

deviation angle, deg 

e f f ic iency  (hydraul ic)  

flow coef f ic ien t  

head-rise coef f ic ien t  

r e l a t ive  total-pressure l o s s  coef f ic ien t  

Subscripts:  

h hub 

i ideal. 
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n 

ne 

opt 

S 

t 

v 


z 

e 
1 


2 

normalized 


noncavitating 


optimum 


s t a t i c  pressure 


t i p  


vapor pressure, or measured by Venturi meter 


axial d i r e c t i o n  


t angent ia l  d i rec t ion  


measuring s t a t i o n  a t  ro tor  i n l e t  


measuring s t a t i o n  a t  r o t o r  e x i t  


Superscripts:  
-

-	 average or  overa l l  value except f o r  loss coeff ic ient  LU 

r e l a t i v e  t o  r o t o r  

25 
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APPENDIX B 


‘ * ’  

EQUATIONS FOR PERFORMANCE PARAMETERS 

Blade-Element Calculations 


Net positive suction head 


Ided head rise 


Head-rise coefficient 


Ideal head-rise coefficient 


Static head-rise coefficient 


Flow coefficient 
T T  

“ Zc p = -
U t  

Relative total pressure-loss coefficient 


2 6  




Deviation angle 

6 =  p'  - y2 
Efficiency (hydraulic) 

Y 

7 Cavitation number 

Suction spec i f ic  speed 

Overall Performance Calculations 

Average flow coef f ic ien t  

Average a x i a l  veloci ty  

Integrated flow r a t e  

. 

-
-	 vzc p = -

U t  

-	 &v 
= vz 

448.8 n ( r t2 - rg) 

Q2 = 448.8 Lrt231V,,~r d r  

Mass-averaged inlet  t o t a l  head 
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Mass-averaged o u t l e t  t o t a l  head 

Mass-averaged head-rise coef f ic ien t  

Mass -averaged eff ic iency 

Overall cav i ta t ion  number 

Normalized net pos i t ive  suction head 
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